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Abstract
Concentrated (40 wt %) piperazine (PZ) with two-stage flash regeneration is an advanced second generation 
amine-based process for CO2 capture.  Two pilot campaigns with the two-stage flash process were completed in 2011
and successfully demonstrated high temperature stripping at 150 °C with concentrated piperazine. Data reconciliation 
for the absorber with intercooling return spray was completed using Aspen Plus® Data-Fit.  Data reconciliation for the 
two-stage flash with warm rich bypass was completed using Aspen Plus® Data-Fit and a dynamic model developed in 
MATLAB®.  The results of data reconciliation analysis found that the CO2 loading in the lean and rich streams 
needed to be systematically shifted upward, 4.6–4.7 % in the stripper analysis and 7.5% in the absorber analysis.    
An analysis of the October 2011 campaign pilot plant data identified the two configurations with the lowest 
equivalent work as the high temperature two-stage flash with warm rich bypass and low pressure simple stripper.  The
calculated equivalent work for the two-stage flash with warm rich bypass from raw pilot plant data and reconciled 
pilot plant data is approximately 35 kJ/mol CO2 and 36.6 kJ/mol CO2, respectively. Intercooling with a spray return 
improved absorber CO2 removal performance by 6–7% at the lower gas rates and was found to be equivalent to a 7–
20% increase in packing height based on reconciled data results.  Warm rich bypass to the low pressure flash tank 
reduced piperazine volatility by factor of two in the condensate. In addition, analysis of the pilot plant piperazine
inventory at the end of the campaign identified the following degradation products (mmol/kg): N-formyl PZ (1.3),
ethylenediamine (13), aminoethylpiperazine (3.6), Hydroxyethylpiperazine (3.9), formate (1.0), and N-nitroso-
piperazine (0.09).  The solvent analysis also found that the CO2 capacity has decreased by 17%, with a slight decrease
in CO2 absorption rate and heat of vaporization. 
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1. Introduction 
Concentrated (40 wt %) piperazine (PZ) with two-stage flash regeneration is an advanced second 
generation amine-based process for CO2 capture [1].  8 molal (m) PZ (40 wt %) has double the CO2 
absorption rate and capacity of 7 m MEA.  PZ also has a moderately high heat of absorption (70 kJ/mole) 
and is oxidatively and thermally stable, which should provide 10 to 20% better energy performance than 7 
m MEA with thermal swing regeneration at 150 °C and 0.7 to 1.5 MPa [2].  In addition, a new high 
temperature two-stage flash stripping process at 150 °C has been developed that utilizes the high thermal 
stability of PZ [3].  The two-stage flash stripping process offers a smaller footprint and slightly lower 
capital costs than a conventional packed stripper column.  This paper provides the raw and interpreted 
results from the October 2011 two-stage flash pilot plant campaign, data reconciliation and modeling 
results for the absorber and two-stage flash, and the results of analyses performed on the pilot plant 
piperazine inventory at the completion of the most recent campaign to characterize possible solvent 
degradation.  Related poster papers at GHGT-11 include absorber modeling [4], stripper modeling [5,6], 
and measurements of degradation products [7].   
2. Background 
Testing at the pilot scale with concentrated PZ has been completed in four separate campaigns since 
2008 at The University of Texas at Austin Separations Research Program (SRP) pilot plant (Fig. 1).  The 
SRP pilot plant has a capacity equivalent to a 0.1 MW coal-fired power plant and consists of an 
intercooled absorber and simple stripper column.  Both columns have an inner diameter of 0.43 meter (m) 
and utilize 6.1 m of packing.  The synthetic flue gas consists of air with the flexibility to test at 12 % 
(coal) and 3 % (gas) CO2. 
With each pilot plant campaign, successive advancements in process and solvent technology were 
made.  The 2008 pilot plant was operated with the existing absorber and simple stripper at 127 °C.  In Fall 
2010, intercooling was retrofitted to the absorber column.  A campaign was completed with the simple 
stripper at 120 °C, which achieved a heat duty of 2628 kJ/kg-CO2 removed at 90% CO2 removal.  A new 
0.1 MW two-stage flash skid was fabricated at the SRP facility to evaluate high temperature stripping at 
150 °C with 8 molal PZ.  The two-stage flash skid is comprised of a high pressure pump, high pressure 
plate-and-frame cross-exchanger, two steam heaters, and two gas-liquid separators (Fig. 2).  The flash 
skid was designed to be portable for field testing at different locations.  
Two pilot campaigns with the two-stage flash regeneration process were completed in 2011 and 
successfully demonstrated high temperature stripping at 150 °C with concentrated PZ.  A warm rich 
bypass (WRB) around the high pressure cross-exchanger was added in Fall 2011.  The warm rich bypass 
reduced PZ volatility at 150 °C in the overhead gas leaving the low pressure flash tank.  Further 
improvements in temperature approach and heat duty were made with the replacement of the high 
pressure cross-exchanger during the second flash campaign. 
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Fig. 1.  SRP pilot absorber/stripper system with high temperature flash skid (bottom left)
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Fig. 2. Flowsheet of high temperature two-stage flash process with warm rich bypass using concentrated PZ
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3. Pilot Plant Results 
3.1. Process Conditions 
In October 2011, the absorber was operated with three gas rates (Table 1).  The absorber used 6.1 
meters of GTC 350Z structured packing divided into two beds.  The pressure drop in the bottom bed of 
the absorber was usually greater than in the top bed, likely resulting in more CO2 absorption in the bottom 
and a larger temperature bulge.  A nozzle was added to spray the return, intercooled solvent to the bottom 
of the top bed of packing.  The intercooled stream was maintained at 40 °C.   
Table 1.  October 2011 two-stage flash operating conditions (1 mol PZ = 2 mol total alkalinity) 
Parameter Value 
PZ (wt %) 38.4 – 40.4 
Lean loading (mol CO2/mol total alkalinity) 0.24 – 0.26 
Gas Rate (m3/min) 600 – 1150  
L/G  (mass/mass) 3.0 – 4.0 
Intercooling (40 °C, column middle) On 
CO2 Removal (%) 72 – 92 
Heat Duty (kJ/kg-CO2 removed) 3230 – 4740 
High Pressure Flash (MPa) 1.0 – 1.4 
Low Pressure Flash (MPa) 0.7 
High/Low Pressure Ratio 
Flash Temperature (°C) 
1.5 – 2.0 
150 
Absorber Packing (70 deg corrugation angle) GTC 350Z 
 
3.2. Heat Duty Analysis 
Fig. 3 compares heat duty data from the 2010 PZ simple stripper campaigns with and without 
intercooling  (PZ-SS IC and PZ SS NO IC), the 2010 MEA absorber intercooler campaign (MEA IC), 
January 2011 PZ two-stage flash campaign (HTPZ-1), and the October 2011 PZ modified two-stage flash 
campaign (HTPZ-2).  Both of the two-stage flash campaigns were operated with absorber intercooling.  
The log mean approach temperature (LMTD) of the high temperature cross-exchanger is plotted as a 
function of heat duty. The HTPZ-1 tests were operated with both cross-exchangers in service.  Before the 
start of the HTPZ-2 campaign, the high pressure cross-exchanger was replaced with a multiple pass unit 
to improve performance.  During the HTPZ-2 campaign, the solvent regeneration system was operated 
with both the high and low pressure cross-exchangers (LP+HP CX), and with only the high pressure 
cross-exchanger (HP CX) when a leak was found with the low pressure cross-exchanger and removed 
from service.   
Compared to the first flash skid campaign, the high pressure cross-exchanger LMTD was reduced 
from 13 °C to 2.4 °C when both cross-exchangers were operated in series and the specific heat duty 
decreased by 13% to 3230 kJ/kg-CO2.  However, the two-stage flash heat duty was approximately 20% 
higher than the heat duty of the PZ run with absorber intercooling and simple stripper configuration and is 
similar to the heat duty of intercooled MEA.  Although the apparent heat duties are higher with the two-
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stage flash than with a simple stripper, the benefit of high temperature stripping is better quantified with 
an equivalent work analysis.   
 
 
Fig. 3. Comparison of heat duty for HTPZ-2 with absorber intercooler/simple stripper testing (Fall 2010) and first 
flash skid campaign in Jan 2011 (HTPZ-1) 
3.3. Equivalent Work 
Equivalent work calculations were performed for the second high temperature two-stage flash 
campaign (October 2011) and the PZ and MEA absorber intercooler campaign (August-September 2010) 
using the correlations on compressor work developed by Van Wagener [3].  Fig. 4 shows equivalent work 
as a function of gas rate for 90% CO2 removal unless specified.  The figure shows that the lowest 
equivalent work (~ 35 kJ/mol CO2) is attained at a gas rate of 750 kg/hr by the high temperature two-
stage flash incorporating warm rich bypass to the low pressure tank and by the simple stripper with 
absorber intercooling configuration with PZ.  The high temperature flash without the warm rich bypass 
was similar in equivalent work (~38.5 kJ/mol CO2) to the simple stripper without absorber intercooler 
using PZ at a gas rate of 750 kg/hr.  Intercooled MEA at the 750 kg/hr gas rate had the highest equivalent 
work of 40.4 kJ/mol CO2.   
Assuming the same absorber performance, the two-stage flash at 150 °C is expected to have a lower 
equivalent work than the simple stripper with intercooled PZ at 120 °C because CO2 is generated at 
higher pressure with the flash configuration.  In addition, even lower equivalent work can be attained by 
operating at a higher lean loading because neither case was operated at the optimal lean loading.  
Unfortunately, this is limited by the physical configuration of the SRP absorber column as the additional 
beds of packing cannot be installed.  Experiments at other facilities with taller absorber columns should 
confirm the expected improvement in equivalent work with the high temperature two-stage flash. 
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Fig. 4. Equivalent work of the second high temperature two-stage flash campaign (HTPZ-2) with and without warm 
rich bypass (WRB) and simple stripper/intercooled absorber campaign (PZ-SS IC) with 8 m PZ  
3.4. Absorber Performance
To provide additional mass transfer area and CO2 absorption in the absorber column, a spray nozzle
was added to the intercooling return line.  The nozzle sprayed intercooled liquid upwards into the bottom 
of the top bed of packing. Table 2 shows absorber performance at three gas rates with and without the
intercooler spray.  At a gas rate of 600 m3/min, the CO2 removal increased from 85.4 to 91.5% with the
intercooling nozzle.  At a gas rate of 810 m3/hr, the CO2 removal rate increased by 7.7% to 88.1% with 
the spray.   At 600 and 810 m3/min, the liquid to gas ratio with the spray was ~5% higher than the
conditions without the spray.  Although, the improvements in absorber CO2 removal due to the spray may
be slightly overstated, the higher CO2 removal demonstrates that the spray was effective.  At a gas rate of 
1150 m3/min, the use of the intercooler spray showed little improvement in absorber performance.  It is
possible that the high gas rate greatly distorted the spray cone formation and prevented the development 
of droplets that needed for mass transfer.
Table 2. Absorber performance with intercooler spray return
Run No. IC Spray L/G
(mass/mass)
LN LDG
(mol/total alkalinity)
% CO2
Removal
% Removal
Difference
Gas Rate
(m3/min)
Run 1 OFF 4.0 0.246 85.4 - 600
Run 2 ON 4.2 0.243 91.5 6.1 600
Run 8 OFF 3.8 0.243 80.4 - 810
Run 7 ON 4.1 0.245 88.1 7.7 810
Run 10 OFF 3.1 0.256 72.0 - 1150
Run 9 ON 3.1 0.242 72.8 0.8 1150
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3.5. Warm Rich Bypass 
During the January 2011 two-stage flash campaign, higher PZ volatility at 150 °C resulted in carryover 
of PZ to the CO2 gas recycle stream and eventual precipitation and blockage of the flow straightener in 
the absorber gas line.  In addition, the PZ in the condensate had increased to 3 wt % from 0.65 wt % 
observed in the 2010 simple stripper campaign at 120 °C.  A warm rich bypass to the low pressure flash 
vessel was added to reduce PZ losses.  The bypass flow rate was approximately 10% of the total 
volumetric flow rate leaving the absorber column.  With the warm rich bypass, the PZ in the condensate 
decreased from 2.5 to 0.5- 1.4 wt % (Fig. 5). 
 
 
Fig. 5. Piperazine concentration in condensate with and without warm rich bypass 
4. Pilot Plant Data Reconciliation 
Reconciliation of pilot plant data is needed to provide an accurate dataset for process simulation and to 
validate the process model.  There may be errors with online process instrument measurements, 
instrument calibration, off-line analytical measurements, and even bench scale measurements.  Gross 
error detection and data reconciliation provides a conduit for identifying these errors.  Once the errors 
have been identified and rectified, the quality of both the pilot plant and bench scale data will have been 
validated.        
Madan [4] compared bench scale vapor-liquid equilibrium data for concentrated PZ with the total 
pressure, temperature, and CO2 loading data for the two flash tanks from the October 2011 campaign and 
found  the measurements in the HP flash tank were lower by 10–15% in the HP flash and 5-10% in the LP 
flash.  This may suggest equilibrium was not achieved in the HP flash and systematic error in pilot plant 
measurements of loading, temperature, or pressure.  Another source of error may be that the 
thermodynamic model generated from the bench scale data is inaccurate.  Data reconciliation was 
performed for the October 2011 campaign for both the absorber and two-stage flash stripper.          
4.1. Absorber Data Reconciliation  
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SRP pilot plant data from the most recent campaign was used to validate and reconcile the absorber 
and two-stage flash process model developed in Aspen Plus® RateSep™.  In most pilot plants, a material 
balance closure of 10–15% can be expected.  However, for a rigorous process simulation, such as Aspen 
Plus®, a material balance that closes completely is required.  To achieve a material balance that closes 
completely, it is often necessary to perform data reconciliation of the raw pilot results in order to make 
the model consistent with the simulation results.   
Data reconciliation by Sachde [4] around the absorber column was completed for the October 2011 
pilot plant campaign using Aspen Plus® Data-Fit.  Pilot plant data for the reconciliation was obtained by 
taking a two-hour average over the period before the liquid samples were taken, which typically occurred 
once the operator thought the plant was operating at steady state based on readouts of the process trends.  
The data reconciliation matched the model with the following pilot plant measurements with the model 
following parameters: 
 
 Lean Solvent  – CO2 concentration, PZ concentration, H2O concentration, temperature, pressure 
 Rich Gas – composition, temperature, pressure, flow rate 
 Intercooling temperature 
 Column pressure drop 
 Column heat loss 
 
The results of four different treatments of data reconciliation are given in Table 3.  In each run, one of 
the following four parameters was independently adjusted while the other three parameters were kept 
constant.  The reconciled output data were fitted to match pilot plant measurements of: rich solvent flow, 
loading, and temperature; lean gas composition, temperature, and flow rate; and middle column loading.  
Table 3.  Results for adjustable parameters of each data reconciliation run  
Parameter Correction Factor 
Interfacial area 0.74 
Liquid side mass transfer coefficient (kl) 0.65 
CO2 concentration 1.075 
PZ concentration  0.93 
 
   The data reconciliation results suggest that the online process measurements and offline titration 
analysis of CO2 and PZ concentration close the material balance only when a correction is made to the 
interfacial area, liquid side mass transfer coefficient, CO2 concentration, or PZ concentration.  Data 
reconciliation by Madan [5] and Walters [6] on the stripper side of the October 2011 pilot plant found that 
an upward adjustment of the rich CO2 by approximately 4.6 to 4.7% (mole fraction basis) closed the 
material and energy balance.  Results by Sachde [4] with absorber data are consistent with Madan and 
Walters, but are higher, with an upward adjustment value of 7.5%.  Although the rich and lean loadings 
were both shifted, the difference between the lean and rich loadings was kept constant for this analysis.     
Using the reconciled absorber model, Sachde [4] showed that the spray nozzle return in the 
intercooling loop increased the amount of mass transfer area equivalent to 7–20% more packing in the 
column.  The equivalent packing area increased with liquid flow rate and pressure drop through the 
nozzle.  
4.2. Two-stage Flash Data Reconciliation  
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Two independent approaches for reconciling the October 2011 pilot plant data for the high temperature 
two-stage flash process with warm rich bypass were completed by Madan [4] and Walters [6].  Madan 
developed an equilibrium-based steady state model in Aspen Plus® and used Aspen Plus® Data-Fit to 
reconcile pilot plant data.  Walters developed a dynamic model of the two-stage flash in MATLAB® and 
used reconciled steady state pilot plant data to validate the dynamic model.  As with the absorber analysis, 
steady state pilot plant data was based on a two-hour average before the liquid sample was taken.   
4.2.1. Dynamic Model Data Reconciliation 
 
The dynamic model by Walters [6] uses MATLAB® to solve a system of differential and algebraic 
equations that incorporates material and energy balances and vapor-liquid equilibrium (VLE).  The VLE 
model was based on a correlation developed from bench scale experimental measurements.  A degree of 
freedom analysis confirmed that the dynamic models for the high and low pressure flash tanks were 
exactly specified by the system of equations and could be solved independently.  The inputs to the 
dynamic model include: 
 
 Liquid flow rates – HP tank and warm rich bypass  
 Vapor flow rate – HP and LP flash tank 
 Pressure – HP and LP flash tank  
 Temperature – liquid inlet of HP and LP flash tank  
 Temperature – gas outlet of HP and LP flash tank 
 Heat loss – HP and LP flash tank 
 
The two adjustable parameters were rich CO2 solvent concentration and heat duty to each of the two 
flash tanks.  The heat duty adjustment included a heat loss correction that was determined from an overall 
heat loss test using water at the start of the pilot plant campaign.  The heat loss test did not separate the 
losses between the two flash tanks.  Therefore, in this analysis, the heat loss was evenly divided between 
the two flash tanks.  The optimization problem to minimize the objective function was solved with the 
fmincon function in MATLAB© using an interior point algorithm.   
The optimization results found that the average rich CO2 concentration needed to be increased by 4.7% 
on a mole fraction basis and a disproportionately large bias needed to be applied to the heat loss for the 
LP flash tank.  This indicates that dividing the heat loss in half may not be reasonable.  The dynamic 
model was used to simulate six runs from the October 2011 campaign.  The reconciliation results found 
that with the 4.7% shift of the rich and lean CO2 loading, the predicted outputs had an average deviation 
of less than 1.7 °C and 3.4% for the temperature and pressure measurements, respectively.     
4.2.2. Aspen Plus® Data-Fit Data Reconciliation 
 
Madan [4] used Aspen Plus® Data-Fit to reconcile the pilot plant data from the two-stage flash process 
for the October 2011 pilot plant campaign.  The parameters that were used to formulate the objective 
function include: 
 
 Vapor flow rate – HP and LP flash tank 
 Heat duty – HP and LP flash tank 
 Temperature – HP cross-exchanger rich outlet 
 CO2 recycle gas flow  
 CO2 concentration – semi-rich solvent 
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 CO2 and PZ concentration – lean solvent 
 
The objective function was minimized by adjusting outlet temperature of steam heater, lean outlet 
temperature of cross-exchanger, inlet rich concentration of CO2, PZ, and H2O, and pressure of HP and LP 
flash tanks.  The Aspen Plus® reconciliation  systematically shifted the CO2 loading was upward by 4.6%, 
which is consistent with the conclusion by Walters [6].  However, data reconciliation of the absorber side 
by Sachde [4] found a shift of 7.5%, which is somewhat higher.   
Using the reconciled pilot plant model of the two-stage flash, Madan [4] calculated the lowest 
equivalent work for the October 2011 campaign to be 36.6 kJ/mol CO2, which is slightly higher than that 
found using the raw pilot plant data (35 KJ/mol CO2).  The model also showed that the pilot plant should 
be capable of achieving an equivalent work of 32.6 kJ/mol CO2 at the optimum operating conditions, 
which were found to be: 
 
 Rich loading – 0.4 mol CO2/mol total alkalinity  
 Lean loading – 0.31 mol CO2/mol total alkalinity 
 Warm rich bypass – 4% 
 Pressure Ratio – 1.5       
5. Solvent Robustness 
The concentrated PZ inventory used in the October 2011 campaign was used in four SRP pilot plant 
campaigns beginning in 2008 and has seen 1350 hours of operation.  The pilot plant uses synthetic flue 
gas, which consists of air and CO2.  As a result, oxygen content in the SRP flue gas is much higher than 
that typically found in coal-fired flue gas and oxidative degradation of the SRP PZ inventory is a concern.  
Also, the campaigns in 2008 and 2010 used the simple stripper which operated at approximately 120 °C.  
The two 2011 campaigns were operated with the two-stage flash and the solvent was regenerated at 150 
°C, which increased the potential for thermal degradation of PZ.  
Nielsen [7] investigated the potential for thermal and oxidative degradation of the SRP pilot plant PZ 
inventory by analyzing for known PZ degradation products based on experimental methods developed in 
the Luminant Carbon Management Program.  A sample of the pilot plant PZ inventory was taken at the 
end of the October 2011 campaign and analyzed using HPLC, cation IC, anion IC, amide hydrolyzation, 
and ICP-OES.  The pilot plant solvent analysis was compared to the degradation products and 
corresponding concentrations found in simulated bench scale thermal and oxidative degradation 
experiments.   
The analysis found N-formyl PZ (1.26 mmol/kg), ethylenediamine (12.7 mmol/kg), 
Aminoethylpiperazine (3.58 mmol/kg), hydroxyethylpiperazine (3.91 mmol/kg), and formate (1.03 
mmol/kg).  A small amount of N-nitroso-piperazine (0.09 mmol/kg) was also found.  The analysis 
showed that the identified degradation products increased over the course the October 2011 campaign and 
also during the January 2011 campaign.  However, a comparison of the degradation products with the 
simulated thermal and oxidative degradation experiments showed that the SRP PZ inventory had 
degraded very little.   
Experiments on the wetted wall column and total pressure apparatus were conducted to evaluate the 
effects of solvent degradation on the pilot plant PZ inventory.  When compared to a new inventory of 8 m 
PZ, the experiments found that the rate of CO2 absorption (kg’avg) and the heat of absorption ( abs) both 
increased by insignificant amounts, while the CO2 capacity was apparently reduced by 18%.  
6. Conclusions 
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The October 2011 pilot plant campaign with the two-stage flash successfully demonstrated high 
temperature stripping with concentrated (40 wt %) PZ.  The addition of a multi-pass high pressure cross-
exchanger resulted in a temperature approach of approximately 3 °C, which reduced the heat duty from 
3710 kJ/kg-CO2 to 3340 kJ/kg-CO2.  Although the heat duty is higher for the two-stage flash than the 
simple stripper, an equivalent work analysis showed both were approximately the same (35 kJ/mol CO2) 
using raw pilot plant data.  Reconciled pilot plant data results for the stripper showed that the equivalent 
work was slightly higher at 36.6 kJ/mol CO2.  The warm rich bypass to the low pressure flash tank 
reduced PZ volatility by a factor of two, which also improved plant operation by reducing precipitation 
episodes.  A spray nozzle on the intercooling return improved CO2 removal performance in the absorber 
at the low gas rates by 6–7%, but not at the highest gas rate (1150 m3/min), and was  equivalent to a 7–
20% increase in packing height based on model results.  The data reconciliation for the absorber found 
the CO2 loading needed to be shifted upward by 7.5%.  Data reconciliation for the stripper was completed 
by two approaches and both showed that the CO2 loading needed to be shifted upward by 4.5–4.6% to 
match the pilot plant data with model predictions.  Analysis of the PZ inventory at the end of the 2011 
campaign found insignificant amounts of degradation products, but thermodynamic measurements 
showed that the solvent capacity had been reduced by 17% and there was a slight reduction in CO2 
absorption rate and heat of absorption.      
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